However, the reduction in the high capital costs for such power units, required to break into larger market segments, remains unresolved. The main reason that planar Fuel Cells (FCs) are more developed than the other designs is because of their simple and cost effective structure.
The electrodes and electrolyte layers can be fabricated and combined easily using costeffective techniques such as tape casting. On the other hand the tubular design, which made its appearance around 1970 [1, 2] , offers significant benefits. However, the technology is yet to be commercially exploited due to practical difficulties related to the cell to cell interconnection required for scaling up the current and voltage. Recently scientific interest has focused on newer tubular designs termed micro-tubular SOFCs (MT-SOFCs). These micro-sized SOFCs offer the potential of building units with high volumetric power densities, which scales inversely with tube diameter, and are less prone to the temperature inflections, minimizing the start-up time to some seconds [5] . Also tubular SOFCs are easier to seal and the cost of material used for manufacturing MT-SOFCs that could generate 1kW power, is calculated to be around 1% of the cost of Siemens-Westinghouse tubular cells [6] . The above superior characteristics of MT-SOFCs combined with the reduction of their operation temperatures down to 400-600 o Currently, MT-SOFCs are categorised into 3 types; a) cathode-supported, (b) electrolytesupported and c) anode-supported. The naming convention is usually based on the layer which is fabricated first; typically this layer is the thickest part of the cell and acts as the mechanical supporting base for the rest of the SOFC to build on. While the first tubular SOFCs were made by Siemens-Westinghouse they were built on an external support tube but very quickly the design moved to cathode-supported structures to reduce the size and the cost of the single cell units. The research on cathode-supported MT-SOFCs is currently very limited [8] [9] [10] [11] . The reason is because the mismatch of the sintering profile [5] of the cathode C opens up the possibility of such systems being used in mobile applications [7] which has brought renewed interest in this field of research. material with the sintering profile of the most electrolyte materials, which sinter at higher temperatures. Moreover, the poor mechanical strength of cathode material combined with the lower diffusion coefficient of oxygen have pushed the technology towards using alternative supporting layers.
The literatures on anode-supported and electrolyte-supported are vast and only some of the most relevant are reported here. Electrolyte-supported [1, [12] [13] [14] [15] MT-SOFCs are the oldest design among the three. This is probably because an electrolyte supporting base such as YSZ is strong and easier to handle. Furthermore, by fabricating the electrolyte substrate followed by high temperature sintering process, a high-quality gas-tight separation layer can be achieved. The quality of electrolyte layer is important in the FC technology and is a major factor contributing to the performance of the cell. Although electrolyte supported MT-SOFCs are a more mature configuration, their performances seemed to be limited mainly due to their thick electrolyte which causes higher Ohmic losses as the oxygen ion crosses from the cathode to the anode, which reduces the power produced by the SOFCs. Furthermore, fabricating the anode inside the small micro-tubes for electrolyte-supported MT-SOFCs is impractical [1, 13] leading most of the times to low quality electrodes, which greatly increases the oxidation polarisation losses during operation. Anode-supported MT-SOFC designs [1, [16] [17] [18] [19] gather several advantages upon the other types of tubular SOFCs. The idea of anode-supported micro-tubes was strengthened when co-extrusion/co-sintering techniques began to be applied in fuel cell technology [11] . The creation of two layers in a single step was a breakthrough step for creating a good quality anode electrode, also used as the supporting base, and at the same time a high quality electrolyte with minimum thickness. The application of the cathode layer can be achieved by dip-coating and/or paint brush based techniques [8] [9] [10] [11] [12] [13] , therefore reducing the cost per unit structure. Moreover, the insertion of the current collector was less of a problem since by fabricating the anode layer first this provided a direct access to the electrode surface. However, in the case of anode-supported dual-layer fibres where anode and electrolyte are extruded simultaneously, the insertion of anodic current collection poses the same problems as the case of electrolyte-supported cells.
The tubular supporting base for the anode, electrolyte and cathode-supported tubular fuel cells are typically fabricated using techniques such as gel-casting [20] , plasma-spraying [21] , isostatic pressing [22] , thermo-plastic [23] , ram extrusion [24] and very recently combined phase inversion and sintering [25] . From the above techniques, phase inversion and sintering can be considered as one of the most promising techniques used in the field of MT-SOFCs as the micro-structure of the hollow fibre (HF) supporting base can be carefully controlled, which leads to the extrusion of high quality electrodes with lower polarisation losses.
Currently, there is a growing interest in using phase inversion and sintering to produce HFs with controlled microstructures which leads to the increase in the performance of MT-HFSOFCs. A number of research groups are investigating the use of phase inversion and sintering in the SOFCs technology and the power output of MT-HF-SOFCs fabricated by this technique are encouraging [12, [17] [18] [19] [26] [27] [28] .
In this communication we report on the preparation of and compare the respective performances of electrolyte-supported and anode-supported dual layer MT-HF-SOFCs made by combined phase inversion and sintering. The electrolyte supported cells were based on highly asymmetric HFs, which were first introduced previously [29, 30] whereas the anodesupported dual-layer HFs were part of a research project at Imperial College, London [17] . This is the first such report to compare the electrochemical performance of two types of MTSOFCs with similar fabrication techniques, trying to quantify the benefits and challenges in each approach.
Experimental

Fabrication of electrolyte and anode-supported HFs
CGO-based electrolyte-supported HFs
Materials employed in the fabrication of highly asymmetric cerium-gadolinium oxide (CGO) HFs were CGO powder (Nextech Materials < 1 µm particle size 35.8 m 2 /g), polyethersulfone
(PESf, Ameco Performance, Radel A-300), N-methyl-2-pyrrolidone (NMP) (Sigma Aldrich, HPLC grade), ethanol (VWR International Ltd, 99.7 vol. %) and polyethylene glycol (Merck Schuchardt OHG, PEG-400) with composition described in details in Table 1 . CGO microtubes were fabricated by a phase inversion process [28] , washed in tap water and heated to 600 °C at 3 C min −1 for 2 hours allowing for the removal of the polymer binder. The temperature was then raised to 1000°C at 3°C min
. CGO micro-tubes were sintered at a final temperature of 1550 °C, using a heating rate of 5 C min
. After a dwell time of 5 hours the temperature was decreased to room temperature at a rate of 5 C min Table 1 .
The anode-supported dual-layer precursor HFs were prepared by a phase inversion based coextrusion process [31] . Prior to the co-extrusion, the suspensions were degassed at room temperature, loaded into a stainless steel container and pressurized simultaneously through the triple orifice spinneret (at the extrusion rate of 0.117 cm 12 hours in a tube furnace. More details on the preparation of the ceramic suspension and the design of the spinneret can be found in [31] .
Ni electroless plating was employed to deposit a Ni anode on the inner surface of the CGO micro-tubular electrolytes. The recipe of the Ni bath is reported in Table 2 . Further details of the Ni electroless plating recipe can be found in [13] . 
Current Collection
C for 5 hours.
The current collection technique was similar for both types of fuel cells. The cathodic current was collected using silver wires (0.2 mm diameter, 99.9 % purity, Sigma-Aldrich®, UK) wrapped around the cathode; the connection between the cathode and the wire was enhanced by using platinum paste (SPI Supplies Platinum Paint, USA). The anodic current collection needed a more careful approach due to the fact that the anode was covered by the (insulator) electrolyte layer and therefore the only access to the electrode was from the lumen of the fibre. The easiest and most effective way to carry this out was to create a spring from 2 silver wires (0.25 mm diameter, 99.9 % purity, Sigma-Aldrich®, UK)) and insert the wires along with silver wool (0.05 mm diameter, 99.9 % purity, Sigma-Aldrich®, UK) into the lumen of the fibre to enhance the connection to the inner walls of the anode. The gas-tightness of the HFs was measured by pressurising the HF with N 2 and measuring the pressure change with time. The procedure and equipment are described elsewhere [31] .
Gas permeance was calculated from Equation (2): 
The electrochemical characterization tests of the MT-HF-SOFCs were carried out under the The 'active' area used as the base for all the calculations relating to fuel cell performance was chosen to be the area of the fuel (hydrogen) electrode. In this work, the 'active' area of the fuel cell was found by Equation (4): and air two mass flow controllers were used (Bronkhorst, UK). The controllers were monitored by a computer using Bronkhorst Software.
The current collectors to the anode and cathode protruded from the fuel and air stream line, from the reactor and from the furnace and were connected to a Potentiostat / Galvanostat (Autolab PGSTAT 30, Eco Chemie, Netherlands) and a booster (Autolab, BSTR10A, Eco
Chemie, Netherlands). The electrochemical characterization tests were monitored using the software Nova 1.5 (Autolab, Eco Chemie). Fig. 3 shows Connections from the fuel cells to the Potentiostat / Galvanostat. Current density was calculated by Equation (5):
Furthermore, the electrical power density of a fuel cell was found by calculating the cell's true voltage and the current density produced by the cell such as Equation (6):
Fuel utilization ( f U ) was estimated from Equation (7):
where e v is the number of electrons generated per mole of hydrogen consumed in the oxidation step and F [96485.3 C mol -1
MT-HF-SOFCs electrochemical properties were investigated using electrochemical impedance specstroscopy controlled by FRA 4.9 at 100000-0.01 Hz, 50 number of frequencies and 0.01000 V amplitude (rms).
] is the Faraday constant. Fig. 4 shows a scanning electron photomicrograph of the highly asymmetric CGO HF after sintering. Fig. 4 (A) shows the wall of the highly asymmetric CGO HF, where long fingerlike structures are visible. These structures originate from the outer surface of the HF and extend into the structure of the highly asymmetric CGO HF. The starting points of the fingerlike formation create entrances to macro-voids, as presented in Fig. 4 (B) , thus improving subsequent cathode deposition. The formation of such an asymmetric structure was a result of viscous fingering phenomenon [33] due to a specific composition of the internal coagulant (i.e. 92 wt % NMP and 8 wt % water). In comparison to the highly asymmetric YSZ HFs [30] , finger-like structures were less prominent and less of these macro-voids extended to the inner surface. This might be related to the higher surface area of the commercially available CGO powders, which were used to fabricate the HFs, which resulted in much higher viscosity of the spinning suspension. Fig. 4 (C) shows the inner surface of the CGO HFs. The inner surface looked dense and had a dune shape formation. The rough surface was achieved to help anode deposition.
Results and Discussion
Fuel cell characterisation
CGO-based HFs
In the literature, the bending strength of ceramic HFs for SOFC application has been reported to be in the range 100 to 407 MPa [12, [34] [35] [36] . The bending strength results of the current HFs are reported in Table 3 . Since the bending strength of the prepared CGO HFs was in the range of 150-200 MPa they were considered sufficient to be employed as a support for FCs.
However, this value was still slightly lower compared to YSZ HFs, which were reported to be, 210 MPa 
CGO/ Ni-CGO-based dual-layer HFs
and lower [34] [35] [36] [37] .
60 wt.% NiO-40 wt.% CGO HF precursors retaining symmetric structures with a co-extruded CGO layer were initially produced by phase inversion. After sintering, these first series of experiments retained a non-uniform circular shape and the CGO layer appeared deformed;
delaminations were visible with a naked eye (Fig. 5 (A) ). Later, by improving parameters during fabrication, the second series of experiments showed an improved result with regards to the shape of the fibres (Fig. (B) ). A circular shape was achieved and delaminations were minimised. Although the cell was not optimised yet, the cathode was deposited externally using slurry coating and several cells were electrochemically tested in single cell reactors at resulting in a black spot on the quartz tube of the reactor. Post mortem tests revealed that that the outer finger-like voids (Fig. 5 (B) ) of the anode-support microstructure led to the delamination of the electrolyte layer. Therefore, a series of experiments were carried out to transition the microstructure from being symmetric to asymmetric to eliminate the outer finger-like voids. Furthermore, to enhance the electrical conductivity and mechanical strength of the dual-layer fibres, the anode membrane retained shorter finger-like voids on the inner side of the cell therefore increasing the volume of the sponge-like voids. The dual-layer fibre presented in the last set of experiments (Fig. (C) ) retained all the main characteristics required for use in an SOFC electrochemical assessment. fully gas tight, preventing any mixing of fuel and air. This figure also shows that the HF had good adhesion between the inner and outer layers and that it was free from any apparent anode/electrolyte delamination. Furthermore, the electrolyte outer layer had very uniform thickness on the anode outer layer and covered the whole length of HF surface, and thus, shows another advantage of co-extrusion as a deposition technique of a thin high quality electrolyte layer on the HF support. Fig. 6 shows SEM images from the unreduced (Fig. 6 (A) ) and reduced (Fig. (B) ) anode layer of the anode-supported dual layer HF. In both images it can be seen that the quality of mixing of the NiO/Ni (darker phase) and CGO (lighter phase) particles was good. Previous studies by the same group have revealed the importance of the triple phase boundary (TPB) density to MT-HF-SOFC performance [38] . In order for the oxidation to take place within the electrodes, a common surface of the electronic catalysts (such as Ni), the ionic catalyst (such as CGO) and the fuel particles (such as O 2 ) needs to exist. For having a high performance electrode, with fast H 2 oxidation kinetics this active area has to be as large as possible. The active surface is created during the fabrication of the electrodes. One of the most important parameters to achieve such a microstructure is the quality of mixing of the particles of different phase and uniform distribution of these particles throughout the electrode. In addition, the electrode has to retain an adequate porosity, equally distributed through the electrode, in order to allow free movement of reactant and product species to and away from the reaction sites. The above characteristics are mostly dependent on the capabilities and quality of the method used to build the electrodes. Based on imaging analysis such as Fig. 3 (B) and from the results presented in previous work [17, 32, 38, 39] it can be confirmed that phase inversion and sintering is a technique that is able to produce high quality electrodes.
The construction of complete MT-HF-SOFCs requires the fabrication of dual-layer HFs with reasonably strong mechanical properties, mainly for the deposition of the remaining components such as cathode and current collector. As presented in Table 3 , the bending strength of the HF was 141.1 MPa. This value is comparable to the bending strength of the electrolyte-supported HFs. The co-extruded non-porous electrolyte layer on top of the porous anode support appreciably enhanced the mechanical strength of the dual-layer HF.
Furthermore, Table 3 shows the N 2 permeability of the dual-layer HF which was 2.02 × 10 −10 mol m −2 s −1 Pa −1
Electrolyte-supported Fuel Cell
, indicating that the produced HF was sufficiently gas tight. . 6 ), it was apparent that the LSCF particles were not uniform distributed, rather tending to agglomerate creating bigger blocks. This microstructure of the functional layer appeared to be not creating high TPB surfaces for the cathode electrode and this phenomenon might have an effect upon the performance of the FC, due to reduced cathode kinetics. One possible explanation for the LSCF particle agglomeration within the functional layer is the difference in sintering profiles of the CGO and LSCF [40, 41] . Furthermore, the final layers of the cathode that consisted of the pure LSCF acting predominantly as a current collector did not retain good porosity potentially reducing the efficiency of O 2 transfer to Overall, it seems that cathode layer needs further improvement. Optimal cathode deposition is part of a parallel research programme which aims to investigate different cathode the cathode reaction sites close to the cathode|electrolyte interface. Lastly, at some parts on the circumference of the FC some cracks were observed during visual inspection, probably caused by the 2-step sintering process that was followed.
Anode-supported Fuel Cell
deposition techniques for MT-HF-SOFCs [42] . The manual mixing of different particles during the preparation of the cathode slurry and the use of paint brush for depositing the cathode layer are possibly too crude to replicate uniform structures such as in Fig. 8 (B) . It is generally acceptable that low cost methods of fabricating electrodes such as the one we used for this study could result in low quality electrodes. On the other hand, if the performance of the FC is acceptable the loss in performance by using such electrodes could be compensated for by the low cost of fabrication per unit structure. Compared to the literature the best performed fuel cell tested in this work (anode-supported type) performed app. 2 times less compared with other MT-SOFCs of similar dimension [16] .
Fuel cell performance
In the case of electrolyte-supported MT-HF-SOFC the reason for low performance was a combination of Ohmic and polarization losses generated within the FC due to the existence of a very thick electrolyte layer (150 µm) and the low quality electrodes. Most importantly, the gas tightness of the electrolyte-supported structures needs to be optimised for aiming higher performances. Furthermore, the power density produced by the anode-supported dual-layer FC was limited probably due to the less developed electrodes used but also due to the relatively thick electrolyte layer (ca. 80 µm). Particularly, development needs to be done on the electrodes not only to increase the TPB surface but also to increase the electrodes' porosity and electrical conductivity. The exact magnitude of the polarization losses generated permeability, indicating poor gastightness of the electrolyte. The reduced OCVs for both cells were probably due to a combination of current and gas leaks through the electrolyte layer. However, the values were within the range of values reported in an earlier work [17] . In order to increase the OCV values, a fully gas-tight electrolyte layer must be achieved during the fabrication of the HFs.
Decreasing the leaks across the electrolyte will be a focus of future work.
in the cathode and anode electrode can only be measured using a 3-electrode measurement, a challenging task in the micro tubular design. More effort was given on improving anode-supported structures, which showed better performance. Fig. 12 (A) shows the effect of current density and Fig. 12 (B) the effect of H C are not shown.
However, the Ohmic ASR values and activation ASR values calculated from the low and high frequency intercepts on the nyquist plot, at these temperatures are presented in Table 4 Although it is very early to make conclusions for the overall performance of this newly developed cell, the extremely high peak power density at 600 the low fuel utilization results (at least ca. 85% to make a commercial case) presented in Fig. 12 (B) reveal that there is more to be done for maximising the FC's performance including the increase of the porous structure to achieve higher fuel transfer within the reaction sites of the fuel cell. Fig. 5 (C) ), more porous, that enables fuels to reach the electrode active surfaces more efficiently and thinner electrolyte layer (less than 20 µm thick) that minimized electrolyte Ohmic losses. In previous work [43] it was reported that it is likely that the distributed sponge-like pores in the anode caused mass transfer of the reactant and product species to be dominated by diffusion. By decreasing the thickness of the anode with sponge-like structures and increasing the thickness of finger-like structures, higher anode permeabilities were achieved, consequently increasing transport limited current densities without significantly compromising the mechanical strength and axial electrical conductivity of the electrode. In addition, this newly developed fuel cell retained an improved cathode which was part of a parallel research project [42] . The newly developed cathode had better microstructure which aimed at improving the triple phase boundary sites of the electrode in order to minimize cathode activation polarizations. However, these modifications caused a decrease in the OCV of this cell at 600 o 4 Conclusions C to ca. 0.7 V which revealed some problems related to the gas tightness of the thinner electrolyte layer of the cell.
In this study, we have compared the performance of an anode-supported structure and an electrolyte-supported structure for a MT-HF-SOFC based on Ni-CGO-LSCF.
• The performance of the electrolyte supported design was poor mainly related to high
Ohmic losses due to the thick dense electrolyte layer and engineering challenges involved in forming quality anode electrodes within the ca. 1 mm diameter HFs.
• C.
• Anode-supported structures are easier to prepare and offer the opportunity to control the anode microstructure.
• The use of co-extrusion also reduces the fabrication cost and eliminates one high temperature sintering step. Also with this technique a thin gas tight electrolyte can be prepared increasing the possibilities of achieving higher performances.
• The newly developed type of anode-supported dual-layer MT-HF-SOFC generated ca.
2400 mW cm -2
• Non sophisticated, cost-effective methods such as slurry coating techniques can be used for the deposition of the cathode layers however more development is needed to improve the cathode microstructure.
revealing the remarkable capabilities of MT-HF-SOFCs.
• One of the main problems of the MT-SOFC family is the anodic and cathodic current collection techniques. Finding a solution to the above problem will be crucial for the future of these type of fuel cells. Table 2 . Ni electroless plating recipe for Ni deposition on CGO HF.
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